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a b s t r a c t
Crayfish (Orconectes spp.), Asian clam (Corbicula fluminea), northern hog sucker (hog sucker; Hypentelium
nigricans), and smallmouth bass (smallmouth; Micropterus dolomieu) from streams in southeastern
Missouri (USA) were analyzed for total mercury (HgT) and for stable isotopes of carbon (d13C), nitrogen
(d15N), and sulfur (d34S) to discern Hg transfer pathways. HgT concentrations were generally lowest in
crayfish (0.005–0.112 mg/g dw) and highest in smallmouth (0.093–4.041 mg/g dw), as was d15N. HgT was
also lower and d15N was higher in all biota from a stream draining a more heavily populated historical
lead–zinc mining area than from similar sites with mostly undeveloped forested watersheds. d13C in biota
was lowest at spring-influenced sites, reflecting CO2 inputs and temperature influences, and d34S increased
from south to north in all taxa. However, HgT was not strongly correlated with either d13C or d34S in biota.
Trophic position (TP) computed from crayfish d15N was lower in hog suckers (mean¼2.8) than in
smallmouth (mean¼3.2), but not at all sites. HgT, d13C, d34S, and TP in hog suckers increased with total
length (length) at some sites, indicating site-specific ontogenetic diet shifts. Changes with length were less
evident in smallmouth. Length-adjusted HgT site means in both species were strongly correlated with HgT
in crayfish (r2¼0.97, Po0.01), but not with HgT in Corbicula (r2¼0.02, P40.05). ANCOVA and regression
models incorporating only TP and, for hog suckers, length, accurately and precisely predicted HgT
concentrations in both fish species from all locations. Although low compared to many areas of the USA,
HgT (and therefore methylmercury) concentrations in smallmouth and hog suckers are sufficiently high to
represent a threat to human health and wildlife. Our data indicate that in Ozark streams, Hg
concentrations in crayfish are at least partly determined by their diet, with concentrations in hog suckers,
smallmouth, and possibly other higher-level consumers largely determined by concentrations in crayfish
and other primary and secondary consumers, fish growth rates, and TP.
& 2011 Elsevier Inc. All rights reserved.
1. Introduction
Mercury (Hg) is a ubiquitous pollutant released to the environ-
ment from natural and anthropogenic sources (US Environmental
Protection Agency (USEPA), 2001). Much of the Hg in aquatic
ecosystems originates from the atmosphere as inorganic Hg that
reaches streams associated with leaf litter from the surrounding
watershed (Wiener et al., 2006; Harris et al., 2007; Knightes et al.,
2009). Biogeochemical processes convert inorganic Hg to methyl-
mercury (MeHg), which is highly toxic, subject to bioaccumulation
and biomagnification, and a potential threat to fish, wildlife, and
human health (Neumann and Ward, 1999; Wiener et al., 2003;
Hammerschmidt and Fitzgerald, 2006; Sandheinrich and Wiener,
2011). Most (490 percent) of the Hg in fish and crayfish is MeHg
(e.g., Wiener et al., 2003; Chasar et al., 2008). In the USA, nation-
wide human fish consumption guidance has been developed for
Hg (as MeHg; US Environmental Protection Agency (USEPA),
2001), and most states have issued consumption advisories.
Criteria vary, but in Missouri a statewide advisory is in effect for
species with fillet concentrations that typically exceed 0.3 mg/g
wet-weight (ww; Missouri Department of Health and Senior
Services, MDHSS, 2010).
The southern Missouri Ozarks comprise dolomite and lime-
stone karst. Many Ozark streams derive much of their flow from
groundwater; streams, are fed by large conduit springs that are
typically 13–15 1C year-round. Spring waters also contain higher
concentrations of CO2, dissolved organic carbon (DOC), and hard-
ness ions, and have lower pH and dissolved oxygen concentra-
tions than receiving streams, which they strongly influence
(Vinyard and Feder, 1982; Imes et al., 2007; Mugel et al., 2009).
Surface waters are hard, alkaline, and low in DOC, conditions not
usually associated with Hg methylation or elevated MeHg con-
centrations in fish (e.g., Brumbaugh et al., 2001; Kamman et al.,
2005; Brigham et al., 2009; Chumchall and Hambright, 2009).
Nevertheless, concentrations of total mercury (HgT) in fillets of
legal-size (4305 mm total length) smallmouth bass (Micropterus
dolomieu; smallmouth) from Ozark streams typically exceed
0.3 mg/g ww (Schmitt and Brumbaugh, 2007) and are included
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in the statewide consumption advisory (MDHSS, 2010). Mercury
concentrations (as MeHg) tend to increase with age and body size
in upper trophic level fishes (Wiener et al., 2003, 2006; McIntyre
and Beauchamp, 2007), but size-concentration relations have not
been evident in Ozark smallmouth (Schmitt and Brumbaugh,
2007). These relations can also be obscured by growth dilution
(e.g., Ward et al., 2009), and growth rates can be influenced by the
temperature stability afforded by springs (Whitledge et al., 2006).
HgT concentrations also tend to be lower in smallmouth from
streams that drain historical lead–zinc mining areas than else-
where in southern Missouri (e.g., Schmitt and Brumbaugh, 2007).
Ozark stream ecosystems are supported by a mixture
of autochthonous and allochthonous plant material that is pro-
cessed by crayfish and other detritivores (e.g., Whitledge and
Rabeni, 1997). The assimilation efficiency of leaf litter by aquatic
invertebrates is low; the biofilm associated with conditioned
detritus is of greater nutritional importance (Boling et al., 1975)
and represents a site for Hg methylation (Desrosiers et al., 2006).
Crayfish dominate the benthic macroinvertebrate community in
Ozark streams and integrate the large, seasonal influx of terres-
trial leaf litter (Rabeni, 1992; Whitledge and Rabeni, 1997).
However, little is known about the transfer and bioaccumulation
of Hg within these ecosystems. Our primary goal was to gain
insight into the reasons for the Hg concentration differences
among Ozark streams and the lack of size-concentration relations
in smallmouth. We sought to expand on previous studies
(Whitledge and Rabeni, 1997; Schmitt and Brumbaugh, 2007)
by examining Hg dynamics in Ozark streams through a food web
perspective. Our specific objectives were to (1) characterize HgT
concentrations in representative primary and secondary consu-
mer species (fish and invertebrates) from representative sites in
Ozark streams; and (2) identify potential biological determinants
(size, age, and trophic position) of Hg concentrations in fish.
2. Methods
We measured concentrations of HgT and the stable isotopes of carbon (C),
nitrogen (N), and sulfur (S) in selected stream ecosystem components to gain insight
into potential sources and pathways for Hg trophic transfer and biomagnification. The
ratio of naturally occurring stable N isotopes (15N:14N; d15N) increases by 3–4 per mil
(%) per trophic level. Trophic position (TP), a determinant of Hg concentrations in
aquatic organisms, can be inferred from d15N after normalizing to the base of the food
web (Cabana et al., 1994; Cabana and Rasmussen, 1996; Vander Zanden et al., 1997;
2005; Vander Zanden and Rasmussen, 1999; Kendall, 1998; Lake et al., 2001; Franssen
and Gido, 2006; Chasar et al., 2009; Payne and Taylor, 2010). Trophic discrimination is
typically o1% for stable C isotopes (13C:12C; d13C), but d13C can provide information
about C sources such as C3 vs. C4 plants and algae vs. terrestrial detritus (Vander
Zanden and Rasmussen, 1999; Finlay and Kendall, 2007; McCutchan et al., 2003).
Methylation is typically facilitated by sulfate-reducing bacteria under reducing
conditions and in the presence of organic C (Compeau and Bartha, 1985; Gilmour
et al., 1992; Canavan et al., 2000; Schaefer and Morel, 2009), but may also involve iron
reducers (Flanders et al., 2010). Some aquatic plants may also methylate Hg (Tsui
et al., 2009). Sulfate may exert concentration-dependent positive or negative effects on
Hg methylation and influence bioavailability (Scudder et al., 2009). Minimal S
fractionation occurs during trophic transfer (McCutchan et al., 2003), but bacterial
sulfate reduction increases 34S:32S (d34S) of residual SO4 (Finlay and Kendall, 2007).
The samples we analyzed were also used in other studies. Additional
information on the field and laboratory methods is available elsewhere (Schmitt
and Brumbaugh, 2007; Schmitt et al., 2007, 2008, 2009).
2.1. Study area
Samples were collected in September–October, 2005 from sites on the Eleven
Point River, Current River, Jacks Fork (JF), and Big River (BGR) affected to differing
degrees by springs and nutrient sources (Fig. 1; Table 1). Two sites, the Eleven
Point River at Turner’s Mill (EPT) and the Current River at Cataract Landing (CCL),
were directly downstream from major springs (Fig. 1). Greer Spring supplies 450
percent of the base flow of the Eleven Point River at EPT (Imes et al., 2007). The
Current and Eleven Point watersheds and the recharge areas of their large springs
are sparsely populated, contain few pollution point-sources, and comprise mostly
Fig. 1. Map showing collection sites, lead–zinc mining areas (Viburnum Trend,
Old Lead Belt), counties, and boundaries of the Ozark National Scenic Riverways
and the Eleven Point Wild and Scenic River. See Table 1 for locations.
Table 1
Collection sites for fish (f) and invertebrate (i; crayfish and Corbicula), and sample sources a.
Site River Location Latitude, longitude b Source(s)
EPTi, f Eleven Point Turners Mill 36145056.7’’N, 91116001.000W 1, 2, 3
CPPi Current Pulltite Landing 37120004.100N, 91128033.800W 2
CPPf Current Presley Center 37119012.600N, 91126014.600W 1, 3
JFi, f Jacks Fork Shawnee Creek 37110021.300N, 91118000.600W 1, 2, 3
CPFi, f Current Powdermill Ferry 37110048.000N, 91110025.000W 2
CWLi, f Current Waymeyer Landing 37103015.100N, 91103016.800W 1, 2, 3
CCLi, f Current Cataract Landing 36153022.200N, 90154047300W 1, 2, 3
BGRi, f Big St. Francois State Park 37157023.700N, 90132029.200W 1, 2, 3
a 1, Schmitt and Brumbaugh (2007); 2, Schmitt et al. (2007); 3, Schmitt et al. (2009).
b World Geodetic System (WGS) 84.
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forest and pasture (Petersen et al., 1998; Miller and Wilkerson, 2000; Mugel et al.,
2009). The upper Current River and most of the JF are within the Ozark National
Scenic Riverways, a National Park; much of the Eleven Point River in Missouri is a
federally designated Wild and Scenic River (Fig. 1). However, Blue Spring, on the
Current River, is fed by a losing stream (Logan Creek) that receives drainage from
an active lead–zinc mine in the Viburnum Trend mining district (Fig. 1;
Schumacher, 2008), and there is nutrient enrichment and bacterial contamination
at JF (Davis and Richards, 2001). There is less spring influence at BGR, and the
watershed is more densely populated and less forested than those of the other
rivers (Meneau, 1997). BGR is also contaminated by tailings from historical lead–
zinc mining in the Old Lead Belt (Gale et al., 2004; Fig. 1). HgT concentrations in
Missouri lead–zinc ores are comparatively low (Leach et al., 1995), but mine
wastes represent significant sources of sulfides and sulfates to surface and
groundwater (Brumbaugh et al., 2007; Kleeschulte, 2008; Schumacher, 2008) that
could either facilitate Hg methylation or bind Hg and reduce its availability
(Compeua and Bartha, 1985; Krabbenhoft et al., 1998; Marvin-DiPasquale et al.,
2009). The BGR collection site was downstream of the Old Lead Belt, a population
center, and a sewage treatment plant.
There are no known point sources of Hg pollution in southern Missouri.
However, the rate of wet atmospheric deposition is comparatively high (818 mg/
m2/yr), varying with rainfall (Prestbo and Gay, 2009). Dry deposition has not been
measured, but the nearest atmospheric source is a coal-fired power plant
4125 km southeast of the study area. HgT concentrations in Ozark stream
sediments are comparatively low (Petersen et al., 1998).
2.2. Species
Asian clam (Corbicula fluminea), crayfish (Orconectes spp.), northern hog sucker
(Hypentelium nigricans; hog sucker), and smallmouth were selected as represen-
tative food web components of Ozark stream ecosystems. Corbicula is an
introduced filter- and pedal-feeding bivalve chosen to represent the trophic
pathway based on fine particulate organic matter (FPOM) originating from both
allochthonous (terrestrial leaf litter) and autochthonous (in-stream algae) sources
(McMahon, 1983). Crayfish in Ozark streams are omnivorous primary consumers
that feed on coarse particulate organic matter derived mainly from leaf litter, but
also consume varying proportions of periphyton, aquatic invertebrates, and fish
(Rabeni, 1992; Hobbs, 1993; Whitledge and Rabeni, 1997; Stenroth et al., 2006).
Crayfish also represent a significant food source for fish and riparian wildlife
(Probst et al., 1984; Whitledge and Rabeni, 1997). Hog suckers are benthivorous
omnivores that feed mainly on aquatic invertebrates and organic matter from the
stream bottom (Pflieger, 1997; Rybczynski et al., 2009). In contrast to many other
suckers (Catostomidae), hog suckers have a relatively small home range and do
not migrate (Curry and Spacie, 1984; Matheny and Rabeni, 1995). Smallmouth in
Ozark streams feed primarily on crayfish along with varying proportions of other
benthic invertebrates and small fish (Probst et al., 1984). Ozark smallmouth also
typically have restricted home ranges (Todd and Rabeni, 1989); however, they
may move locally in response to temperature changes (Peterson and Rabeni,
1996), as do other fishes. Recreational fishers harvest and consume hog suckers
and smallmouth from Ozark streams.
2.3. Field methods
At most sites, 12 fish of each species typically 200–500 mm total length
(length), the range sought by recreational fishers, were collected by electrofishing.
Fillet samples were removed from each fish in the manner typically employed by
local sport fishers (skinless, boneless for smallmouth; skin-on, bone in for hog
suckers). Scale samples were obtained for age determination. Three composite
samples of 10 crayfish and Corbicula were obtained from each site. Juvenile
crayfish (Orconectes spp.) of 12–18 mm carapace length, the size most often eaten
by Ozark smallmouth (Probst et al., 1984), were collected by seining or dip-
netting. Crayfish and fillet samples were frozen in the field with dry ice. Corbicula
of 15–25 mm shell length were collected by hand, depurated for 24 h to allow
them to purge ingested material, then frozen. All samples remained frozen
(20 1C) until analysis.
2.4. Laboratory methods, quality assurance, and basic computations
Frozen composite samples of whole crayfish were lyophilized and cryogeni-
cally ground to ensure homogenization of the exoskeletons. Corbicula were
thawed until the soft tissues could be separated from the shells, composited,
lyophilized, and homogenized with a glass rod. Individual fillet samples were
partly thawed, rinsed twice with ultrapure deionized water, and processed as
described for Corbicula soft tissues.
All samples were analyzed for HgT by combustion-amalgamation atomic
absorption spectrophotometry. Separate aliquots of hog sucker fillets were also
analyzed for calcium (Ca) by inductively coupled plasma mass spectrometry as an
indicator of the amount of bone, skin, and mucus included in each sample (Schmitt
and Finger, 1987; Schmitt et al., 2009). QA measures included blanks, replicates,
instrument calibration standards, and certified reference materials analyzed with
each group of samples. Method limits-of-detection were 0.001–0.010 mg/g dw for
HgT and 3.2–11.0 mg/g for Ca, which were exceeded in all samples. Overall, the QA
results indicated an acceptable level of precision and accuracy and no evidence of
sample contamination (Supplemental Table S-1; Schmitt et al., 2009).
Additional aliquots of each sample were analyzed for stable isotopes. Bulk
dried samples were analyzed for N and S. Sub-samples for C analysis were Soxhlet-
distilled for 5 h in 2:1 chloroform:methanol followed by overnight drying at 25 1C
prior to analysis to normalize for lipid-related d13C differences among samples
and taxa (Post et al., 2007). Isotopes were analyzed by conventional continuous-
flow isotope ratio mass spectrometry with an elemental analyzer coupled to a
mass spectrometer (Fry et al., 1992). Results are reported in delta (d) notation in
parts-per-thousand (%) deviation relative to a monitoring gas according to
dX ¼ ½ðRsample=RstandardÞ21,
where X¼15N, 13C, or 34S and R¼15N/14N, 13C/12C or 34S/32S in the sample and
standard (monitoring gas). Isotope data were normalized using the following
primary standards: USGS 40 and 41 [d13C¼26.24 and 37.76% (respectively)
relative to Vienna-Pee Dee Belemnite and d15N¼4.52 and 47.57% relative to
air]; and NBS127 and IAEA-SO-6 [d34S¼21.1 and 34.05% (respectively) relative
to Vienna-Canyon Diablo troilite]. Several in-house standards were also used as
QA checks; analytical error and accuracy were generally o0.2% and reproduci-
bility of unknowns was typically 70.2% for d15N, d13C, and d34S.
2.5. Statistical analyses
The Statistical Analysis System, Version 9.1 (SAS Institute, Cary, NC) was used
for all analyses. Relations between pairs of variables within each taxon and site
and across sites and taxa were examined initially by correlation analysis (Pearson)
and simple linear regression. Analysis-of-variance (ANOVA) and analysis-of-
covariance (ANCOVA) were used to test for differences among sites and to
evaluate relations between and among variables; ANCOVA models evaluated
regressions for both individual and pooled sites and species (Hebert and
Keenleyside, 1995; Neumann and Ward, 1999; Barrett et al., 2010). Stable isotope
ratios were considered both dependent variables and covariates. Length-adjusted
HgT was computed and compared among sites and between fish species using
ANCOVA. Fish and crayfish HgT were also evaluated using multiple linear
regression with stepwise, forward, and Akaike’s Information Criterion (adjusted
for small sample sizes (AICc); Burnham and Anderson, 2002) selection methods. A
value of a¼0.05 was used to judge the significance of all statistical tests except
stepwise and forward-selection multiple regression, for which the models con-
taining the greatest number of independent variables that significantly (Po0.10)
reduced the unexplained sum-of-squares after accounting for all other variables in
the model are reported; i.e., the Type-II and -III sums-of-squares were evaluated.
In AIC regression, models with the lowest AICc value were considered most
parsimonious. The ‘‘best’’ regression models based on the forward selection,
stepwise, and AIC analyses of HgT in fish and crayfish were nearly identical, so
we report only the forward selection results. Fish weight, length, and HgT were
log10-transformed to meet the assumptions of parametric statistical methods prior
to analysis. Although both arithmetic and geometric means and standard errors
are presented and discussed, all statistical tests were based on transformed least-
squares means, which are adjusted for all factors included in statistical models
and are not biased by sample size.
A total of 202 Corbicula (21 composite samples) and 193 crayfish (22 samples)
from all seven sites were collected and analyzed (Supplemental Table S-2).
Crayfish and Corbicula size ranges were narrow (Supplemental Table S-2). Size
was not correlated with other variables in either taxon and was eliminated from
subsequent analyses. Hog suckers (total n¼63) and smallmouth (n¼62) were
obtained from all sites except Current River at Powdermill Ferry (CPF), which was
not sampled for fish. Male and female fish of both species were obtained
everywhere except BGR, where only females and juveniles were collected. Fish
of both species were smaller at JF and BGR than at the other sites (Supplemental
Table S-3). Preliminary analysis of the fish data revealed that differences between
genders were significant only for length in hog suckers (29 mm) and d15N (0.2%)
in smallmouth, both of which were considered inconsequential. Gender was
therefore eliminated from subsequent analyses. Fish age spanned only 2–4 yr in
both species at all sites; log10-transformed length was therefore the most
consistent representation of fish size and age and was used as such in most
higher-level statistical analyses. Ca concentrations were significantly greater in
hog suckers from EPT than elsewhere (Schmitt et al., 2009). Concentrations were
also higher in the smaller hog suckers from JF, CPP, and BGR than in the larger fish
from the other sites (Schmitt et al., 2009). Ca increased with fish size at CWL and
CPP, but not at the other sites or when examined across all sites. Regression
analysis indicated that Ca accounted for o0.4 percent of the total variation in hog
sucker HgT and it was excluded from subsequent analyses. These results also
indicated that the amount of tissue other than muscle included in the fillets did
not strongly influence HgT concentrations in hog sucker fillets. d15N was
substantially higher at BGR than elsewhere (Supplemental Tables S-2, S3), so only
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TP was used in analyses of fish data that involved multiple sites. BGR also differed
in other respects from the other sites and was excluded from some analyses.
The small Corbicula from BGR provided insufficient mass for analysis of stable
isotopes; however, crayfish and Corbicula d15N were similar at the six sites with
data for both taxa (Supplemental Table S-2). We therefore computed the TP of hog
suckers and smallmouth relative to crayfish as
TP¼ ½ðd15Nfishd15NcrayfishÞ=3:4þ2:0,
where d15Nfish is the d15N value of an individual fish, d15Ncrayfish is the correspond-
ing site mean for crayfish, 3.4 is a widely accepted trophic discrimination factor,
and 2.0 represents a basal consumer level (Franssen and Gido, 2006).
Biomagnification factors (BMFs) for Hg were calculated as
BMF¼HgTfish=HgTfood ,
where HgTfish¼consumer (smallmouth, hog sucker) concentration and
HgTfood¼food (Corbicula, crayfish, hog sucker) concentration (Herrin et al., 1998;
DeForest et al., 2007).
2.6. Ethics statement
All field procedures conformed to Scientific Investigator and Wildlife Collector
permits issued by the US National Park Service (NPS) and the Missouri Department
of Conservation (MDC), respectively; with recommendations of the American
Fisheries Society (AFS), American Institute of Fishery Research Biologists, and the
American Society of Ichthyologists and Herpetologists (AFS et al., 2004); and with
requirements of the US Laboratory Animal Welfare Act, the Interagency Research
Animal Committee, and all USGS guidelines for the humane treatment of test
organisms during culture and experimentation.
3. Results
3.1. HgT
At sites where both fish and invertebrates were collected
(Table 1), HgT was uniformly lowest in whole crayfish and highest
in smallmouth fillets (Fig. 2; Supplemental Tables S-2, S-3).
Differences among sites were significant in all taxa except
Corbicula. Concentrations were lowest in all taxa at BGR, although
not significantly so in Corbicula, and highest in crayfish, hog
suckers, and smallmouth at CPP (Fig. 2; Supplemental Tables
S-2, S-3). Crayfish HgT was also comparatively high at CPF, which
is near CPP but where fish were not collected (Fig. 2). Concentra-
tions at EPT, which is directly downstream from Greer Spring,
were comparatively low in all taxa (Fig. 2). In Corbicula soft
tissues, HgT was uniformly higher than in crayfish by an average
of eight-fold, but Corbicula site means differed by only about
3-fold (Fig. 2; Supplemental Table S-2).
Across all sites, hog sucker HgT averaged seventeen-fold
higher than in crayfish and three-fold higher than in Corbicula
(Fig. 2; Supplemental Tables S-2, S-3). Hog sucker HgT increased
significantly with length (r¼0.790.92, Po0.01) at all sites
except BGR (EPT not evaluated; n¼3) and also across all sites
(Fig. 3; Table 2). Site alone accounted for 82 percent of the
variation in hog sucker HgT among sites, with length accounting
for an additional 10–11 percent Supplemental Table S-4. Without
BGR, site and length together accounted for 67 percent. Among-
site differences in hog sucker HgT remained evident (and sig-
nificant) after accounting for fish size, but the differences were
smaller (Fig. 4; Supplemental Table S-3). Relative to crayfish, the
BMF for HgT in hog suckers was lower at BGR (10) than
elsewhere (14 at CPP to 22 at CWL). Hog sucker BMFs were more
uniform after adjusting for fish size: 9.9–11.6 at BGR, JF, and CCL,
and 14.0–14.9 at EPT, CWL, and CPP.
Fig. 2. Total mercury (HgT) arithmetic site means (7standard errors) in Corbicula,
crayfish, hog suckers, and smallmouth bass. Within taxa, means sharing the same
letter are not significantly different (ANOVA, Po0.05). See Fig. 1 and Table 1 for
site names and locations.
Fig. 3. Total mercury (HgT; Y) vs. total length (X) in hog suckers (HS) and
smallmouth bass (SMB) from the Current River (CR), Eleven Point River (EPR),
and Big River (BGR).
Table 2
Pearson correlation coefficients (*Po0.05; **Po0.01) for relations between the
indicated variables in smallmouth bass (above the principal diagonal) and hog
suckers (below the principal diagonal)a.
Hog
sucker
Smallmouth bass
Length Weight Age TP d15N HgT d13C d34S
Length – 0.98nn 0.75nn 0.31nn 0.12 0.48nn 0.29nn 0.07
Weight 0.99nn – 0.70nn 0.35nn 0.15 0.48nn 0.27n 0.17
Age 0.72nn 0.76nn – 0.22 0.05 0.54nn 0.19 0.12
TP 0.46n 0.46n 0.57nn – 0.57n 0.08 0.41nn 0.61nn
d15N 0.39nn 0.46nn 0.32n 0.60nn – 0.13 0.19 0.37nn
HgT 0.79nn 0.79nn 0.79nn 0.79nn 0.41nn – 0.24 0.27n
d13C 0.02 0.13 o0.01 0.14 0.44nn 0.04 – 0.15
d34S 0.26 0.22 0.09 0.36nn 0.45nn 0.20 0.40nn –
a All sites for length, weight, age, and total mercury (HgT; n¼63 for hog
suckers, 62 for smallmouth bass); all sites except BGR for trophic position (TP),
d15N, d13C, and d34S (n¼51 for hog suckers, 59 for smallmouth bass).
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Smallmouth HgT increased with length at only two sites, CWL
and CPP (r¼0.600.65, Po0.05; Fig. 3). Across all sites, small-
mouth HgT was more strongly correlated with fish age than with
length or weight than in hog suckers (Table 2), but not at
individual sites. Site alone accounted for 72 percent of the total
variation in smallmouth HgT among sites, with length accounting
for an additional 7–8 percent (Supplemental Table S-4). Without
BGR, site and length together accounted for only 42 percent.
Relative differences among sites were similar regardless of
whether fish size was incorporated into the analysis except at
BGR, where length-normalized HgT in hog suckers and small-
mouth were nearly identical (Fig. 4; Supplemental Table, S-3).
Smallmouth HgT remained correlated with size and age across all
sites when BGR was excluded, however. Across all sites, mean
BMFs for smallmouth fillets were 32 relative to whole crayfish,
4.0 relative to Corbicula soft tissues, and 2.0 relative to hog sucker
fillets. Smallmouth BMFs relative to hog suckers were more
consistent (1.7–2.2) than BMFs relative to crayfish. Relative to
crayfish the BMF was 21 at BGR, substantially lower than all other
sites (30 at CPP to 39 at CCL) and similar to the BMF for hog
suckers. Smallmouth BMFs based on length-adjusted HgT were
also substantially lower relative to crayfish at BGR (11) than
elsewhere (21 at JF, 30–34 at all other sites).
Mean HgT in hog suckers and smallmouth was strongly
correlated with mean crayfish HgT when examined across sites.
Linear regressions between crayfish and fish site means explained
497 percent of the variation in length-adjusted fillet HgT in both
fish species (Fig. 4). In contrast, and despite the substantially
higher concentrations in Corbicula than in crayfish, mean Corbi-
cula HgT was not correlated with HgT in the other three taxa
(Fig. 4).
3.2. Stable isotopes and TP
Mean TP in hog suckers (relative to crayfish) differed signifi-
cantly among sites, averaging 3.1 at CPP but only 2.6–2.8 else-
where. Hog sucker TP increased significantly with length at CWL,
CPP, and JF, but not at the other sites or across all sites (Table 2;
Supplemental Table S-3). The overall mean TP for hog suckers was
2.8. Smallmouth TP also differed significantly among sites and
was typically higher than in hog suckers, but not at all sites.
Smallmouth TP site means ranged from 3.1 at CWL, CPP, and JFR
to 3.5 at EPT, with an overall mean of 3.2 (Supplemental Table
S-3). Differences between smallmouth and hog sucker site means
ranged from 0.0 at CPP to 0.8 at EPT (Supplemental Table S-2).
Smallmouth TP increased with length across all sites with BGR
excluded (Table 2) and at EPT (r¼0.61, Po0.05), but not at any
other individual sites.
Spring influence was indirectly expressed in the d13C results;
d13C was significantly lower (by about 2%) in most taxa at the
two sites located directly downstream of large springs (EPT and
CCL) than elsewhere (Supplemental Table S-3). Conversely, the
highest d13C values in crayfish, hog suckers, and smallmouth were
at BGR (Corbicula from BGR were not analyzed for stable isotopes)
and JF, the sites least influenced by springs. At EPT and CCL, the
lowest values were in Corbicula and hog suckers (Supplemental
Tables S-2, S-3). Differences among taxa were smaller at the other
sites. In hog suckers, d13C increased significantly with fish size at
CCL, CWL, and JF, but not at the other sites or across all sites
(Fig. 5; Table 2). In smallmouth, d13C increased significantly with
fish size only at EPT and JF (r¼0.650.71, Po0.05; Table 2). In
hog suckers, d13C and TP were positively correlated
(r¼0.660.99, Po0.05) at all sites except CCL and BGR; at BGR
the correlation was negative (r¼0.66, Po0.05). d13C and TP
were not significantly correlated in smallmouth at any sites or
across all sites in either species (Table 2), but were negatively
correlated in smallmouth across sites with BGR excluded
(Table 2).
d34S was typically highest in crayfish (mean¼5.0%) followed
by smallmouth (3.3%), hog suckers (3.2%), and Corbicula (2.4%;
no Corbicula data for BGR; Supplemental Tables S-2, S-3). Values
for hog suckers were lower than for smallmouth at most sites, but
at EPT and BGR they were similar (Supplemental Tables S-2, S-3).
Mean d34S also differed significantly among sites in all taxa. A
general north-south trend was evident, with d34S generally high-
est at sites in the upper Current River watershed and at BGR and
Fig. 4. Total mercury (HgT) in Corbicula (CO) soft tissues and in fillets of hog
sucker (HS) and smallmouth bass (SMB; all Y) vs. HgT in whole crayfish (X). Shown
are geometric site means (7standard errors), with concentrations in fish adjusted
to the grand mean total length of each species (HS¼337 mm, SM¼318 mm) via
ANCOVA using species and site-specific linear regressions.
Fig. 5. d13C (Y) vs. total length (X) of hog suckers from the study sites. Regression
results shown in bold are statistically significant (Po0.05). See Fig. 1 and Table 1
for site names and locations.
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lowest at EPT (Supplemental Tables S-2, S-3). Across sites, d34S
was negatively correlated with TP and d15N in smallmouth, but
increased with both in hog suckers (Table 2) with or without data
from BGR.
3.3. HgT relative to stable isotopes and TP
Crayfish HgT was negatively correlated with d15N across the
six sites with complete data (r¼0.95, Po0.01), but not with
BGR excluded (r¼0.11, P40.05). Crayfish HgT was not corre-
lated with d13C with or without data for BGR. A statistically
significant multiple linear regression model containing a negative
coefficient for d15N and a positive coefficient for d34S explained 92
percent of the variation in HgT for all crayfish samples, with 90
percent accounted for by d15N (Supplemental Table S-4). No
models for HgT in crayfish were significant with BGR excluded,
nor was HgT in Corbicula significantly correlated with any other
variables.
With BGR excluded, hog sucker HgT increased with TP and
d34S across the remaining sites (Fig. 6; Table 2) and at CWL and
CPP (r¼0.820.91, Po0.01), but not at any other individual sites.
Hog sucker HgT also increased with d13C at CCL, CWL, CPP, and JFR
(r¼0.590.92, Po0.05), but not at BGR (r¼0.18, P40.05) or
across all sites (Table 2). ANCOVA indicated that across all sites,
pooled and site-specific TP and d13C were statistically significant
but explained only an additional 2–3 percent of the total variation
in HgT beyond what was accounted for by only site and length
(Supplemental Table S-4). Without BGR, TP and d13C accounted
for an additional 5–13 percent. A multiple regression model
containing a positive coefficient for pooled length and negative
coefficients for pooled d13C and d34S explained 62 percent of the
variation in hog sucker HgT across all sites. Without BGR, a model
that also included a positive term for pooled TP but not d34S
explained 72 percent (Supplemental Table S-4).
Smallmouth HgT was significantly correlated only with fish
size and d34S across sites (Table 2) and with TP only at individual
sites and not across sites (Fig. 5). Consequently, ANCOVA indi-
cated that site-specific TP explained only an additional 6 percent
of the variation in HgT beyond that explained by site and length
across all sites without BGR. Pooled TP was not significant in
smallmouth (Supplemental Table S-4). Across all sites, a multiple
regression model containing positive terms for length and
TP and a negative coefficient for d13C explained 42 percent of
the variation in smallmouth HgT. Without BGR, a model contain-
ing only d13C and d34S explained 32 percent (Supplemental
Table S-4).
ANCOVA models fit to the combined smallmouth and hog
sucker data set were similar to those for each species considered
separately. Models containing positive coefficients for site-speci-
fic length, TP, d13C, and d34S were statistically significant
(Po0.01) and accounted for up to 94 percent of the variation in
HgT across all sites. Without BGR, the combined-species models
explained up to 90 percent of the variation in HgT (Supplemental
Table S-4). Multiple regression models fit to the pooled data
explained 44 percent of the total variation in HgT across all sites
and 59 percent without BGR (Supplemental Table S-4). Collec-
tively, the ANCOVA, regression, and correlation results indicate
that most of the among-site variation in both species was due to
differing Hg concentrations in lower trophic levels (here repre-
sented by crayfish), fish size, and TP.
4. Discussion
4.1. Mercury bioaccumulation by crayfish and Corbicula
Concentrations of HgT in whole crayfish from the Current and
Eleven Point Rivers (0.0300.071 mg/g dw) were within the range
of the lowest concentrations reported for whole crayfish from
uncontaminated sites in other areas (Rada et al., 1986; Mason
et al., 2000; Castro et al., 2007; Larsson et al., 2007; McIntyre and
Beauchamp, 2007; Sua´rez-Serrano et al., 2010). Concentrations
were substantially lower (mean¼0.006 mg/g dw) at BGR. In con-
trast, much higher (4ten-fold) concentrations have been docu-
mented, especially at Hg-contaminated sites (Hoffman and Curnow,
1979; Scheuhammer and Graham 1999; Hildebrand et al., 1980;
Chasar et al., 2008; Suchanek et al., 2008b; Sua´rez-Serrano et al.,
2010). Although the concentrations were comparatively low, our
site means differed by fifteen-fold (3.6 without BGR).
Crayfish efficiently assimilate and retain MeHg from food
(Headon et al., 1996; Simon et al., 2000; Lake et al., 2007).
Consequently, MeHg as a percentage of HgT in whole crayfish is
typically 480 percent (Haines et al., 2003; Chasar et al., 2008).
The range of concentrations represented by our data and previous
reports in the scientific literature, together with the correlation
between HgT in crayfish and other taxa, no doubt reflect the close
coupling of fish and crayfish in Ozark streams (e.g., Rabeni, 1992)
and indicate that crayfish are important in the trophic transfer of
Hg.
Extrapolation of previously published d13C and d15N data for
the upper JF (Whitledge and Rabeni, 1997) to our HgT and stable
isotope data provides evidence that bioaccumulation by crayfish
is at least partly determined by crayfish diet. Mean d13C was 0.7–
2.6% higher in crayfish than in Corbicula at all sites where both
taxa were analyzed (i.e., all except BGR; Supplemental Tables S-2,
S-3), which indicates differing C sources for crayfish and Corbicula.
However, and in contrast to d13C, our crayfish and Corbicula d15N
site means differed by only 0.4 to 0.8%. Because algal and
detrital d15N in the upper JF differed substantially, the crayfish
d15N data imply similar N sources and appear to contradict the
d13C data. Further extrapolation of upper JF d15N to our data offers
an alternative explanation, which is the consumption of animal
material (invertebrates and fish) by crayfish. The incorporation of
other invertebrates (d15N approximately 5%) into crayfish diets
Fig. 6. Total mercury (HgT; Y) vs. trophic position (TP; X) in hog suckers (HS) and
smallmouth bass (SMB) from the Current River (CR), Eleven Point River (EPR), and
Big River (BGR).
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would increase d15N substantially over a diet based exclusively on
stream-conditioned leaf litter (d15N approximately 1.5 to 1%).
In the upper JF, 30–50 percent of crayfish production is derived
from invertebrate consumption (Whitledge and Rabeni, 1997).
Juvenile crayfish also molt frequently and eat their exoskeleton,
which contains chitin and is enriched in d15N relative to other
tissues (Wang et al., 2007), and crayfish may eat fish or be
cannibalistic (Capelli, 1980; Knowlton et al., 1983; Whitledge
and Rabeni, 1997). Growth rate differences resulting in more
frequent molts would tend to increase d15N but not HgT, whereas
carnivory (including cannibalism) would increase both. Overall,
the amount of animal material in the crayfish diet appears to be
an important determinant of their Hg concentration, which has
been demonstrated experimentally (Bowling et al., 2011). As
noted by Pennuto et al. (2005), the influence of invertebrate
feeding habits on Hg dynamics in aquatic ecosystems has been
greatly underappreciated.
In contrast to crayfish, HgT concentrations in Corbicula were
similar across our sites and were not correlated with concentra-
tions in other taxa. This finding may reflect the de-coupling of
Corbicula, but not necessarily other invertebrate FPOM consu-
mers, from the aquatic food web. In addition (or perhaps alter-
natively), extant evidence indicates that Corbicula can de-
methylate and excrete MeHg more rapidly than other taxa, and
thereby at least partly regulate HgT concentrations (Simon and
Boudou, 2001; Foe et al., 2003). The latter explanation also
implies that HgT concentrations in Corbicula may not reflect
environmental concentrations or exposure as accurately as con-
centrations in crayfish.
4.2. TP and mercury biomagnification in hog suckers and
smallmouth
Suckers are not widely pursued for human consumption. Con-
sequently, fewer studies have documented Hg bioaccumulation in
fillets of suckers (Catostomidae) than in smallmouth and other
more popular game species, and still fewer have examined rela-
tions with fish size or TP. Relative to previous studies, concentra-
tions in Ozark hog suckers (0.298–2.988 mg/g dw) were generally
similar to those reported in suckers from uncontaminated sites
elsewhere (e.g., Christensen et al., 2006; Kamman et al. 2005).
Concentration changes with fish size in catostomids have been
reported, but vary in direction and magnitude. For example, HgT
increased with fish size in white sucker (Catostomus commersonii)
and hog sucker fillets from several areas in central and north-
eastern North America (Christensen et al., 2006; Kamman et al.,
2005) whereas both d15N and HgT decreased with fish size and age
in white suckers from six lakes in eastern Canada (Kidd et al.,
1995). Kidd et al. (1995) attributed the decreases to ontogenetic
diet shifts and basal d15N differences among the lakes due to
factors such as nutrient availability, epilimnetic temperatures, and
species composition. Inconsistent HgT increases with fish weight in
hog suckers from an Hg-contaminated site in Virginia were also
attributed to among-site growth rate differences (Hildebrand et al.,
1980). Our finding of d15N, d13C, and HgT changing with length in
hog suckers at some sites indicates site-specific ontogenetic diet
shifts. Although not considered a sport fish in most of the USA,
large numbers of suckers (including hog suckers) are captured and
eaten by Ozark recreational fishers. Our data indicate that fillets of
hog suckers 4350 mm (total length) may contain as much HgT
(and therefore MeHg) as similar-sized smallmouth and could
therefore represent the same risk. Suckers are also important in
the diets of some riparian wildlife species (e.g., Johnson et al.,
2008), which might also be at risk (Scheuhammer and Graham,
1999).
Although HgT (and therefore MeHg) concentrations in Ozark
smallmouth fillets are sufficiently high to warrant restricted
human consumption (0.091–4.041 mg/g dw; MDHSS, 2010), they
are also comparable to or lower (at BGR) than concentrations in
stream-dwelling smallmouth from streams in other areas of the
US and Canada that have not been directly influenced by Hg from
mining or industrial sources (e.g., Brumbaugh et al., 2001;
Kamman et al., 2005; Peterson et al., 2005). Concentrations are
also lower than those typical of lake-dwelling smallmouth, small-
mouth from contaminated sites, and more strictly piscivorous
freshwater species such as largemouth bass (Micropterus sal-
moides), walleye (Sander vitreum), or northern pike (Esox lucius;
e.g., Hildebrand et al., 1980; Brumbaugh et al., 2001; US
Environmental Protection Agency (USEPA), 2001; Neumann and
Ward, 1999; Lake et al., 2007; Christensen et al., 2006).
5. Conclusions
Concentrations of HgT in fish from Ozark streams are low
compared to many other areas in North America, but are never-
theless sufficiently high to warrant restricted human consump-
tion and to represent a risk to wildlife. Although HgT
concentrations in crayfish are also low, their prevalence in the
benthic fauna and dietary importance to smallmouth and other
higher-level consumers seems to ensure MeHg transfer. Direct
consumption of juvenile crayfish, aquatic insect larvae, and
detritus is consistent with the feeding ecology and TP of hog
suckers. Similarly, consumption of crayfish, other invertebrates,
and fish by smallmouth is consistent with their generally higher
HgT concentrations and TP. There was little change in any of the
variables we measured with smallmouth length or age, indicating
a relatively narrow niche breadth. Conversely, the increasing HgT
concentrations and stable isotope changes with size in hog
suckers at some sites indicate a wider niche breadth and site-
specific ontogenetic diet shifts. Incorporation of invertebrates and
fish into crayfish diets, which would increase Hg biomagnification
over what would be expected from consumption of stream-
conditioned detritus alone, represents a plausible explanation
for among-site differences in crayfish HgT. At BGR, we suspect
that low HgT concentrations in biota reflect the combined effects
of FPOM dilution by mine tailings and other inorganic sediments
from construction and agriculture, biodilution by algal blooms
(e.g., Chen and Folt, 2005), reduced flux of terrestrial detritus from
the more heavily developed watershed, and lower bioavailability
and possibly methylation rates due to sulfides in the lead–zinc
mine wastes (e.g., Suchanek et al., 2008a; Marvin-DiPasquale
et al., 2009). The comparative uniformity of the HgT accumulation
patterns among taxa and sites also indicates that once incorpo-
rated into the food web, differences among sites (including BGR)
in the proportion of HgT represented by MeHg are small. The high
degree of correlation between HgT in juvenile crayfish and both
species of fish at all of our sites also indicates a uniformly high
MeHg percentage in crayfish, as has been reported elsewhere
(Haines et al., 2003; Pennuto et al. 2005; Chasar et al. 2008).
In contrast to crayfish, HgT concentrations in Corbicula were
not correlated with concentrations in any of the other taxa we
analyzed, which further reinforces the apparent importance of
crayfish and possibly other consumers of conditioned detritus in
the trophic transfer of MeHg. The lack of correlation may also
reflect the de-coupling of Corbicula from the ecosystem, MeHg
excretion by Corbicula (Simon and Boudou, 2001; Foe et al., 2003),
or both. It also does not rule out the potential importance of other
FPOM-dependent invertebrates as vectors for MeHg accumulation
by higher consumers. In addition, and despite sewage inputs and
the presence of springs, d13C spanned a relatively narrow range
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(o6%) compared to other ecosystems. And although d13C spatial
patterns related to springs were clearly evident, HgT concentra-
tions were not strongly correlated with d13C. These findings,
together with comparatively low HgT concentrations in all taxa
at the site with the most spring influence (EPT), indicate that
although springs profoundly influence water quality and may
represent a C source to aquatic primary producers, springs do not
appear to represent Hg sources. Data from the spring branches
themselves would be required to ascertain their Hg contributions,
however. The mining-derived sulfates originating from Blue
Spring may also affect methylation rates, as may stream tem-
perature. The latter may also influence Hg concentrations in fish
through effects on feeding and growth rates (e.g., Norstrom et al.,
1976; Whitledge et al., 2006; Ward et al., 2009).
Our data indicate only subtle differences in trophic structure
among Ozark streams. We suspect that HgT concentrations in
smallmouth and other fishes reflect differences in Hg concentra-
tions in crayfish, which are determined by Hg transport from the
catchments, Hg bioavailability, and in-situ methylation rates
along with the TP, growth rate, and age of the crayfish and other
consumer organisms, including fish. The similar HgT concentra-
tions in smallmouth and large hog suckers at many sites is
consistent with their similar TPs. Worthwhile topics for future
research include determining whether temporal variation in
rainfall and Hg influx is reflected in crayfish HgT; documenting
spatial variation in methylation rates and MeHg concentrations in
water, crayfish, and other biota (including autotrophs) as they
might be influenced by sulfides, sulfates, other factors associated
with lead–zinc mining, hydrology, and watershed characteristics;
investigation of spatial and temporal variation in crayfish trophic
dynamics; further documentation of Hg demethylation and
excretion by Corbicula; and determining temperature influences
on methylation rates, fish growth, and MeHg bioaccumulation
relative to springs.
Acknowledgments
This research was jointly supported by the US Geological
Survey (USGS) and NPS. Many individuals from USGS, NPS, and
MDC provided field assistance. V. Melton (USGS) assisted with Hg
analyses and C. Gulbransen (USGS) performed isotopic analyses.
M. Struckhoff (USGS) prepared the map. B. Scudder (USGS) and
J. Davis (San Francisco Estuary Institute) provided useful comments
on an earlier version of our paper, as did several anonymous
reviewers. M. Ellersieck (University of Missouri-Columbia) provided
statistical advice. Use of trade, product, or firm names is for
descriptive purposes and does not constitute endorsement.
Appendix A. Supplementary material
Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.ecoenv.2011.08.008.
References
American Fisheries Society (AFS), American Institute of Fishery Research Biologists
(AIFRB), American Society of Ichthyologists and Herpetologists (ASIH), 2004.
Guidelines for the Use of Fishes in Research. American Fisheries Society, Bethesda,
MD (54 pp.) /http://www.fisheries.org/html/Public_Affairs/Sound_Science/Guide
lines2004.shtmlS.
Barrett, T.J., Tingley, M.A., Munkittrick, K.R., Lowell, R.B., 2010. Dealing with
heterogeneous regression slopes in analysis of covariance: new methodology
applied to environmental effects monitoring in fish survey data. Environ.
Monit. Assess. 166, 279–291.
Boling Jr., R.H., Goodman, E.D., Van Sickle, J.A., Zimmer, J.O., Cummins, K.W.,
Petersen, R.C., Reice, S.R., 1975. Toward a model of detritus processing in a
woodland stream. Ecology 56, 141–151.
Bowling, A.M., Hammerschmidt, C.R., Oris, J.T., 2011. Necrophagy by a benthic
omnivore influences biomagnification of methylmercury in fish. Aquat. Tox-
icol. 102, 134–141.
Brigham, M.E., Wentz, D.A., Aiken, G.R., Krabbenhoft, D.P., 2009. Mercury cycling in
stream ecosystems. 1. Water column chemistry and transport. Environ. Sci.
Technol. 43, 2720–2725.
Brumbaugh, W.G., Krabbenhoft, D.P., Helsel, D.R., Wiener, J.G., Echols, K.R., 2001. A
national pilot study of mercury contamination of aquatic ecosystems along
multiple gradients: bioaccumulation in fish. US Geological Survey Biological
Sciences Report USGS/BRD/BSR-2001–0009.
Brumbaugh, W.G., May, T.W., Besser, J.M., Allert, A.L., Schmitt, C.J., 2007. Assess-
ment of elemental concentrations in streams of the New Lead Belt in south-
eastern Missouri, 2002–2005. US Geological Survey Scientific Investigations
Report 2007–5057.
Burnham, K.P., Anderson, D.R., 2002. Model Selection and Multimodel Inference: A
Practical Information Theoretic Approach second edition Springer-Verlag, New
York (488 pp.).
Cabana, G., Rasmussen, J.B., 1996. Comparison of aquatic food chains using
nitrogen isotopes. Proc. Natl. Acad. Sci. US 93, 10844–10847.
Cabana, G., Tremblay, A., Kalff, J., Rasmussen, J.B., 1994. Pelagic food chain
structure in Ontario lakes: a determinant of mercury levels in lake trout
(Salvelinus namaycush). Can. J. Fish. Aquat. Sci. 51, 381–389.
Canavan, C.M., Caldwell, C.A., Bloom, N.S., 2000. Discharge of methylmercury-
enriched hypolimnetic water from a stratified reservoir. Sci. Total Environ. 60,
159–170.
Capelli, M., 1980. Seasonal variation in the food habits of the crayfish Orconectes
propinquus (Girard) in Trout Lake, Vilas County, Wisconsin USA. (Decapoda,
Astacidea, Cambaridae). Crustaceana 38, 82–86.
Castro, M.S., Hilderbrand, R.H., Thompson, J., Heft, A., Rivers, S.E., 2007. Relation-
ship between wetlands and mercury in brook trout. Arch. Environ. Contam.
Toxicol. 52, 97–103.
Chasar, L.C., Scudder, B.C., Bell, A.H., Wentz, D.A., Brigham, M.E., 2008. Total
mercury, methylmercury, and carbon and nitrogen stable isotope data for
biota from selected streams in Oregon, Wisconsin, and Florida. US Geol. Surv.
Data Ser., 349.
Chasar, L.C., Scudder, B.C., Stewart, R.A., Bell, A.H., Aiken, G.R., 2009. Mercury
cycling in stream ecosystems. 3. Trophic dynamics and methylmercury
bioaccumulation. Environ. Sci. Technol. 43, 2733–2739.
Chen, C.Y., Folt, C.L., 2005. High plankton densities reduce mercury bioaccumula-
tion. Environ. Sci. Technol. 39, 115–121.
Christensen, V.G., Wente, S.P., Sandheinrich, M.B., Brigham, M.E., 2006. Spatial
variation in fish-tissue mercury concentrations in the St. Croix River basin,
Minnesota and Wisconsin, 2004. US Geological Survey Scientific Investigations
Report 2006–5063.
Chumchall, M.M., Hambright, K.D., 2009. Ecological factors regulating mercury
contamination of fish from Caddo Lake, Texas. Environ. Toxicol. Chem. 28,
962–972.
Compeau, C.G., Bartha, R., 1985. Suflate-reducing bacteria: principal methylators of
mercury in anoxic estuarine sediment. Appl. Environ. Microbiol. 50, 498–502.
Curry, K.D., Spacie, A., 1984. Differential use of stream habitat by spawning
Catostomids. Am. Midl. Nat. 111, 267–279.
Davis, J.V., Richards, J.M., 2001. Assessment of possible sources of microbiological
contamination and water-quality characteristics of the Jacks Fork, Ozark
National Scenic Riverways, Missouri—Phase II. US Geological Survey Water
Resources Information Report 02-4209.
DeForest, D.K., Brix, K.W., Adams, W.J., 2007. Assessing metal bioaccumulation in
aquatic environments: the inverse relationship between bioaccumulation
factors, trophic transfer factors, and exposure concentration. Aquat. Toxicol.
84, 236–246.
Desrosiers, M., Planas, D., Mucci, A., 2006. Mercury methylation in the epilithon of
boreal shield aquatic ecosystems. Environ. Sci. Technol. 40, 1540–1546.
Finlay, J.C., Kendall, C., 2007. Stable isotope tracing of temporal and spatial
variability in organic matter sources to freshwater ecosystems. In: Michener,
R., Lajtha, K. (Eds.), Stable Isotopes in Ecology and Environmental Science
second edition Wiley/Blackwell Publishing, Malden, Massachusetts USA,
pp. 283–333.
Flanders, J.R., Turner, R.R., Morrison, T., Jensen, R., Pizzuto, J., Skalak, K., Stakl, R.,
2010. Distribution, behavior, and transport of inorganic and methylmercury in
a high gradient stream. Appl. Geochem. 25, 1756–1769.
Foe, C., Stephenson, M., Standish, S., 2003. Pilot transplant studies with the
introduced Asiatic clam, Corbicula fluminea, to measure methyl mercury
accumulation in the foodweb of the Sacramento-San Joaquin Delta Estuary.
Calfed Bay-Delta Program, Calfed Mercury Project, Draft Final 2003 Project
Report. 47 p. (viewed on-line 27 November 2009 at /http://loer.tamug.edu/
calfed/FinalReports.htmS).
Franssen, N.R., Gido, K.B., 2006. Use of stable isotopes to test literature-based
trophic classifications of small-bodied stream fishes. Am. Midl. Nat. 156, 1–10.
Fry, B., Brand, W., Mersch, F.J., Tholke, K., Garritt, R., 1992. Automated analysis
system for coupled d13C and d15N measurements. Anal. Chem. 64, 288–291.
Gale, N., Adams, C.D., Wixson, B.F., Loftin, K.A., Huang, Y.-W., 2004. Lead, zinc,
copper, and cadmium in fish and sediments from the Big River and Flat River
Creek of Missouri’s Old Lead Belt. Environ. Geochem. Health 26, 37–49.
C.J. Schmitt et al. / Ecotoxicology and Environmental Safety 74 (2011) 2215–22242222
Gilmour, C.C., Henry, E.A., Mitchell, R., 1992. Sulfate stimulation of mercury
methylation in freshwater sediments. Environ. Sci. Technol. 26, 2281–2287.
Hammerschmidt, C.R., Fitzgerald, W.F., 2006. Methylmercury in freshwater fish
linked to atmospheric mercury deposition. Environ. Sci. Technol. 40,
7764–7770.
Haines, T.A., May, T.W., Finlayson, R.T., Mierzykowski, S.E., 2003. Factors affecting
food chain transfer of mercury in the vicinity of the Nyanza Site, Sudbury
River, Massachusetts. Environ. Monit. Assess. 86, 211–232.
Harris, R.C., Rudd, J.W.M., Amyot, M., Babiarz, C.L., Beaty, K.G., Blanchfield, P.H.,
Bodaly, R.A., Branfireun, B.A., Gilmour, C.C., Graydon, J.A., Heyes, A., Hintel-
mann, H., Hurley, J.P., Kelly, C.A., Krabbenhoft, D.P., Lindberg, S.E., Mason, R.P.,
Paterson, M.H., Podemski, C.L., Robinson, A., Sandilands, K.A., Southworth St.,
G.R., Louis, V.L., Tate, M.T., 2007. Whole-ecosystem study shows rapid fish-
mercury response to changes in mercury deposition. Proc. Natl. Acad. Sci. US
104, 16586–16591.
Headon, C.M., Hall, R.J., Mierle, G., 1996. Dynamics of radiolabelled methylmercury
in crayfish (Orconectes virilis). Can. J. Fish. Aquat. Sci. 53, 2862–2869.
Hebert, C.E., Keenleyside, K.A., 1995. To normalize or not to normalize? Fat is the
question. Environ. Toxicol. Chem. 14, 801–807.
Herrin, R.T., Lathrop, R.C., Gorski, P.R., Andren, A.W., 1998. Hypolimnetic methyl-
mercury and its uptake by plankton during fall destratification: a key entry
point of mercury into lake food chains? Limnol. Oceanogr. 43, 1476–1486.
Hildebrand, S.G., Strand, R.H., Huckabee, J.W., 1980. Mercury accumulation in fish
and invertebrates of the North Fork Holston River, Virginia and Tennessee. J.
Environ. Qual. 9, 393–400.
Hobbs III, H.H., 1993. Trophic Relationships of North American Freshwater Crayfishes
and Shrimps. Milwaukee Public Museum, Milwaukee, Wisconsin USA (110 pp.).
Hoffman, R.D., Curnow, R.D., 1979. Mercury in herons, egrets, and their foods. J.
Wildl. Manage. 43, 85–93.
Imes, J.L., Plummer, N.L., Kleeschulte, M.J., Schumacher, J.G., 2007. Recharge area,
base-flow and quick-flow discharge rates and ages, and general water quality
of Big Spring in Carter County, Missouri, 2000–04. US Geological Survey
Scientific Investigations Report 2007–5049.
Johnson, B.L., Kaiser, J.L., Henny, C.J., Grove, R.A., 2008. Prey of nesting ospreys on
the Willamette and Columbia rivers, Oregon and Washington. Northwest Sci.
82, 229–236.
Kamman, N.C., Burgess, N.M., Driscoll, C.T., Simonin, H.A., Goodale, W., Lenehan, J.,
Estabrook, R., Hutcheson, M., Major, A., Scheuhammer, A.M., Scruton, D.A.,
2005. Mercury in fish of Northeast North America—a geographic perspective
based on fish tissue monitoring databases. Ecotoxicology 14, 163–180.
Kendall, C., 1998. Tracing nitrogen sources and cycling in catchments. In: Kendall,
C., McDonnell, J.J. (Eds.), Isotope Tracers in Catchment Hydrology. Elsevier
Science, New York, pp. 519–576.
Kidd, K.A., Hesslein, R.H., Fudge, R.J.P., Hallard, K.A., 1995. The influence of trophic
level as measured by d15N on mercury concentrations in freshwater organ-
isms. Water Air Soil Pollut. 80, 1011–1015.
Kleeschulte, M.J., 2008. Water quality of the Viburnum Trend Subdistrict, explora-
tion area, and Strother Creek, southeastern Missouri, 1964–2006. In:
Kleeschulte, M.J. (Ed.), Hydrologic Investigations Concerning Lead Mining
Issues in Southeastern Missouri. US Geological Survey Scientific Investigations
Report 2008–5140, pp. 161–192.
Knightes, C.D., Sunderland, E.M., Barber, M.C., Johnston, J.M., Ambrose Jr., R.B.,
2009. Application of ecosystem-scale fate and bioaccumulation models to
predict fish mercury response times to changes in atmospheric deposition.
Environ. Toxicol. Chem. 28, 881–893.
Knowlton, M.F., Boyle, T.P., Jones, J.R., 1983. Uptake of lead from aquatic sediment
by submersed macrophytes and crayfish. Arch. Environ. Contam. Toxicol. 12,
535–541.
Krabbenhoft, D.P., Gilmour, C.C., Benoit, J.M., Babiarz, C.L., Andren, A.W., Hurley,
J.P., 1998. Methyl mercury dynamics in littoral sediments of a temperate
seepage lake. Can. J. Fish. Aquat. Sci. 55, 835–844.
Lake, J.L., McKinney, R.A., Osterman, F.A., Pruell, R.J., Kiddon, J., Ryba, S.A., Libby,
A.D., 2001. Stable nitrogen isotopes as indicators of anthropogenic activities in
small freshwater systems. Can. J. Fish. Aquat. Sci. 58, 870–878.
Lake, J.L., Ryba, S.A., Serbst, J., Brown IV, C.F., Gibson, L., 2007. Mercury and stable
isotopes of carbon and nitrogen in mink. Environ. Toxicol. Chem. 26,
2611–2619.
Larsson, P., Homqvist, N., Stenroth, P., Berglund, O., Nystrom, P., Graneli, W., 2007.
Heavy metals and stable isotopes in a benthic omnivore in a trophic gradient
of lakes. Envron. Sci. Technol. 41, 5973–5979.
Leach, D.L., Viets, J.B., Foley, N., Klein, D.P., 1995. Mississippi Valley-type Pb–Zn
deposits (Models 32a, b; Briskey, 1986a, b). In: du Bray, E.A. (Ed.), Preliminary
Compilation of Descriptive Geoenvironmental Mineral Deposit Models (Chap-
ter 30). US Geological Survey Open-File Report 95–0831, pp. 234–243.
Marvin-DiPasquale, M., Lutz, M.A., Brigham, M.E., Krabbenhoft, D.P., Aiken, G.R.,
Orem, W.H., Hall, B.D., 2009. Mercury cycling in stream ecosystems. 2. Benthic
methylmercury production and bed sediment–pore water partitioning.
Environ. Sci. Technol. 43, 2726–2732.
Mason, R.P., Laporte, J.-M., Andres, S., 2000. Factors controlling the bioaccumula-
tion of mercury, methylmercury, arsenic, selenium, and cadmium by fresh-
water invertebrates and fish. Arch. Environ. Contam. Toxicol. 38, 283–297.
Matheney, M.P., Rabeni, C.F., 1995. Patterns of movement and habitat use by
northern hog suckers in an Ozark stream. Trans. Am. Fish. Soc. 124, 886–897.
McCutchan, J.H., Lewis, W.M., Kendall, C., McGrath, C.C., 2003. Variation in trophic
shift for stable isotope ratios of carbon, nitrogen, and sulfur. Oikos20,
378–390.
McIntyre, J.K., Beauchamp, D.A., 2007. Age and trophic position dominate bioac-
cumulation of mercury and organochlorines in the food web of Lake Washin-
ton. Sci. Total Environ. 372, 571–584.
McMahon, R.F., 1983. Ecology of an invasive bivalve, Corbicula. In: Russell-Hunter,
W.D. (Ed.), The Mollusca. Vol 6. Ecology. Academic Press, San Diego, California,
pp. 505–561.
Meneau, K.J., 1997. Big River Watershed Inventory and Assessment. Missouri
Department of Conservation, St. Charles, Missouri. /http://mdc.mo.gov/fish/
watershed/big/contents/S.
Miller, S.M., Wilkerson Jr., T.F., 2000. Eleven Point River Watershed Inventory
and Assessment. Missouri Department of Conservation, West Plains, Missouri.
/http://mdc.mo.gov/fish/watershed/elevenpt/contents/S.
Missouri Department of Health and Senior Services (MDHSS), 2010. Fish advisory.
A guide to eating fish in Missouri. Jefferson City, Missouri. /http://fitness.mo.
gov/living/environment/fishadvisory/pdf/10fishadvisory.pdfS.
Mugel, D.N., Richards, J.M., Schumacher, J.G., 2009. Geohydrological investigations
and landscape characteristics of areas contributing water to springs, the
Current River, and Jacks Fork, Ozark National Scenic Riverways, Missouri. US
Geological Survey Scientific Investigations Report 2009–5138.
Neumann, R.M., Ward, S.M., 1999. Bioaccumulation and biomagnifications of
mercury in two warmwater fish communities. J. Freshwater Ecol. 14, 487–497.
Norstrom, R.J., McKinnon, A.E., DeFreitas, A.S.W., 1976. A bioenergetics-based
model for pollutant accumulation by fish. Simulation of PCB and methylmer-
cury residue levels in Ottawa River yellow perch (Perca flavescens). J. Fish. Res.
Board Can. 33, 248–267.
Payne, E.J., Taylor, D.L., 2010. Effects of diet composition and trophic structure on
mercury bioaccumulation in temperate flatfishes. Arch. Environ. Contam.
Toxiol. 58, 431–443.
Pennuto, C.M., Lane, O.P., Evers, D.C., Taylor, R.J., Loukmas, J., 2005. Mercury in the
northern crayfish, Orconectes virilis (Hagen), in New England, USA. Ecotoxicol-
ogy 14, 149–162.
Petersen, J.C., Adamski, J.C., Bell, R.W., Davis, J.V., Femmer, S.R., Freiwald, D.A.,
Joseph, R.,.L., 1998. Water quality in the Ozark Plateaus, Arkansas, Kansas,
Missouri, and Oklahoma, 1992–95. US Geol. Surv. Circ., 1158.
Peterson, J.T., Rabeni, C.F., 1996. Natural thermal refugia for temperate warmwater
stream fishes. N. Am. J. Fish. Manage. 16, 738–746.
Peterson, S.A., Van Sickle, J., Hughes, R.M., Schacher, J.A., Echols, S.F., 2005. A
biopsy procedure for determining filet and predicting whole-fish mercury
concentration. Arch. Environ. Contam. Toxicol. 48, 1–9.
Pflieger, W.L., 1997. The Fishes of Missouri, second edition Missouri Department of
Conservation, Jefferson City, Missouri.
Post, D.M., Layman, C.A., Arrington, D.A., Takimoto, G., Quattrochi, J., Montan˜a,
C.G., 2007. Getting to the fat of the matter: models, methods and assumptions
for dealing with lipids in stable isotope analyses. Oecologia 152, 179–189.
Prestbo, E.M., Gay, D.A., 2009. Wet deposition of mercury in the U.S. and Canada,
1996–2005: Results and analysis of the NADP mercury deposition network
(MDN). Atmos. Environ. 43, 4223–4233.
Probst, W.E., Rabeni, C.F., Covington, W.G., Marteney, R.E., 1984. Resource use by
stream-dwelling rock bass smallmouth bass. Trans. Am. Fish. Soc. 113,
283–294.
Rabeni, C.F., 1992. Trophic linkage between stream centrarchids and their crayfish
prey. Can. J. Fish. Aquat. Sci. 49, 1714–1721.
Rada, R.G., Findley, J.E., Wiener, J.G., 1986. Environmental fate of mercury
discharged into the upper Wisconsin River. Water Air Soil Pollut. 29, 57–76.
Rybczynski, S.M., Walters, D.M., Fritz, K.M., Johnson, B.R., 2009. Comparing trophic
position of stream fishes using stable isotope and gut contents analyses. Ecol.
Freshwater Fish 17, 199–205.
Sandheinrich, M.B., Wiener, J.G., 2011. Methylmercury in freshwater fish: recent
advances in assessing toxicity of environmentally relevant exposures. In:
Beyer, N.B., Meador, J. (Eds.), Environmental Contaminants in Biota: Interpret-
ing Tissue Concentrations second edition CRC Press, Boca Raton, Florida.
Schaefer, J.K., Morel, F.M.M., 2009. High methylation rates of mercury bound to
cysteine by Geobacter sulfurreductans. Nat. Geosci. 2, 123–126.
Scheuhammer, A.M., Graham, J.E., 1999. The bioaccumulation of mercury in
aquatic organisms from two similar lakes with differing pH. Ecotoxicology 8,
49–56.
Schmitt, C.J., Brumbaugh, W.G., 2007. Evaluation of potentially non-lethal sam-
pling methods for monitoring mercury concentrations in smallmouth bass
(Micropterus dolomieu). Arch. Environ. Contam. Toxicol. 53, 84–95.
Schmitt, C.J., Brumbaugh, W.G., Besser, J.M., Hinck, J.E., Bowles, D.E., Morrison,
L.W., Williams, M.H., 2008. Protocol for monitoring elemental contaminants in
Ozark National Scenic Riverways, Missouri: Version 1.0. US Geological Survey
Open-File Report 2008–1269.
Schmitt, C.J., Brumbaugh, W.G., Besser, J.M., May, T.W., 2007. Concentrations of
metals in aquatic invertebrates from the Ozark National Scenic Riverways,
Missouri. US Geological Survey Open-File Report 2007–1435.
Schmitt, C.J., Brumbaugh, W.G., May, T.W., 2009. Concentrations of cadmium,
cobalt, lead, nickel, and zinc in blood and fillets of northern hog sucker
(Hypentelium nigricans) from streams contaminated by lead–zinc mining:
implications for monitoring. Arch. Environ. Contam. Toxicol. 56, 509–524.
Schmitt, C.J., Finger, S.E., 1987. The effects of sample preparation on the measured
concentrations of eight elements in the edible tissues of fish contaminated by
lead mining. Arch. Environ. Contam. Toxicol. 16, 185–207.
Schumacher, J.G., 2008. Water-quality trends and effects of lead and zinc mining
on upper Logan Creek and Blue Spring, southeastern Missouri, 1925–2006.
In: Kleeschulte, M.J. (Ed.), Hydrologic Investigations Concerning Lead Mining
C.J. Schmitt et al. / Ecotoxicology and Environmental Safety 74 (2011) 2215–2224 2223
Issues in Southeastern Missouri. US Geological Survey, Scientific Investigations
Report 2008–5140, pp. 193–238.
Scudder, B.C., Chasar, L.C., Wentz, D.A., Bauch, N.J., Brigham, M.E., Moran, P.W.,
Krabbenhoft, D.P., 2009. Mercury in fish, bed sediment, and water from
streams across the United States, 1998–2005. US Geological Survey Scientific
Investigations Report 2009–5109.
Simon, O., Boudou, A., 2001. Simultaneous experimental study of direct and direct
plus trophic contamination of the crayfish Astacus astacus by inorganic
mercury and methylmercury. Environ. Toxicol. Chem. 20, 1206–1215.
Simon, O., Ribeyre, F., Boudou, A., 2000. Comparative experimental study of
cadmium and methylmercury trophic transfers between the Asiatic clam
Corbicula fluminea and the crayfish Astacus astacus. Arch. Environ. Contam.
Toxicol. 38, 317–326.
Stenroth, P., Holmqvist, N., Nystrom, P., Berglund, O., Larsson, P., Grandeli, W.,
2006. Stable isotopes as an indicator of diet in omnivorous crayfish (Pacifias-
tacus leniusculus): the influence of tissue, sample treatment, and season. Can. J.
Fish. Aquat. Sci. 63, 821–831.
Sua´rez-Serrano, A., Alcaraz, C., Iba´n˜ez, C., Trobajo, R., Barata, C., 2010. Procambarus
clarkii as a bioindicator of heavy metal pollution sources in the lower Ebro
River and Delta. Ecotoxicol. Environ. Saf. 73, 280–286.
Suchanek, T.H., Eagles-Smith, C.A., Harner, E.J., 2008a. Is Clear Lake methylmercury
distribution decoupled from bulk mercury loading? Ecol. Appl. 18,
A107–A127.
Suchanek, T.H., Eagles-Smith, C.A., Slotton, D.G., Harner, E.J., Adam, D.P., Colwell,
A.E., Anderson, N.L., Woodward, D.L., 2008b. Mine-derived mercury: effect on
lower trophic species in Clear Lake, California. Ecol. Appl. 18, A158–A176.
Todd, B.L., Rabeni, C.F., 1989. Movement and habitat use by stream-dwelling
smallmouth bass. Trans. Am. Fish. Soc. 118, 229–242.
Tsui, M.T.K., Finlay, J.C., Nater, E.A., 2009. Mercury bioaccumulation in a stream
network. Environ. Sci. Technol. 43, 7016–7022.
US Environmental Protection Agency (USEPA), 2001. Mercury update: impact on
fish advisories. Office of Water, EPA-823-F01-011.
Vander Zanden, M.J., Cabana, G., Rasmussen, J.B., 1997. Comparing TP of fresh-
water fish calculated using stable nitrogen isotope ratios (d15N) and literature
dietary data. Can. J. Fish. Aquat. Sci. 54, 1142–1158.
Vander Zanden, M.J., Rasmussen, J.B., 1999. Primary consumer d13C and d15N and
the TP of aquatic consumers. Ecology 80, 1395–1404.
Vander Zanden, M.J., Vadeboncoeur, Y., Diebel, M.W., Jeppesen, E., 2005. Primary
consumer stable nitrogen isotopes as indicators of nutrient source. Environ.
Sci. Technol. 39, 7509–7515.
Vinyard, J.D., Feder, G.L. (Eds.), 1982. Springs of Missouri. Missouri Department of
Natural Resources, Division of Geology and Land Survey, Rolla, Missouri.
Water Resources Report 29, 212 pp.
Wang, B., Seal, R.R., Taggart, S.J., Mondragon, J., Andrews, A., Nielsen, J., Croch, J.G.,
Wandless, G.A., 2007. Geochemical signatures as natural fingerprints to aid in
determining tanner crab movements in Glacier Bay National park, Alaska. In:
Piatt, J.F., Gende, S.M. (Eds.), Proceedings of the Fourth Glacier Bay Sciences
Symposium, October 26–28, 2004. U.S. Geological Survey Scientific Investiga-
tions Report 2007–5047, pp. 97–101.
Ward, D.M., Nislow, K.H., Chane, C.Y., Folt, C.L., 2009. Rapid, efficient growth
reduces mercury concentrations in stream-dwelling Atlantic salmon. Trans.
Am. Fish. Soc. 139, 1–10.
Whitledge, G.W., Rabeni, C.F., 1997. Energy sources and ecological role of cray-
fishes in an Ozark stream: insights from stable isotope and gut analyses. Can. J.
Fish. Aquat. Sci. 54, 2555–2563.
Whitledge, G.W., Rabeni, C.F., Annis, G., Sowa, S.P., 2006. Riparian shading and
groundwater enhance growth potential for smallmouth bass in Ozark streams.
Ecol. Appl. 16, 1461–1473.
Wiener, J.G., Knights, B.C., Sandheinrich, M.B., Jeremiason, J.D., Brigham, M.E.,
Engstrom, D.R., Woodruff, L.G., Cannon, W.F., Balogh, S.J., 2006. Mercury in soils,
lakes, and fish in Voyageurs National Park (Minnesota): importance of atmo-
spheric deposition and ecosystem factors. Environ. Sci. Technol. 40, 6261–6268.
Wiener, J.G., Krabbenhoft, D.P., Heinz, G.H., Scheuhammer, A.M., 2003. Ecotoxicol-
ogy of mercury. In: Hoffman, D.J., Rattner, B.A., Burton Jr., G.A., Cairns Jr., J.
(Eds.), Handbook of Ecotoxicology second edition Lewis Publishers, Boca
Raton, Florida, pp. 409–463.
C.J. Schmitt et al. / Ecotoxicology and Environmental Safety 74 (2011) 2215–22242224
